Objective: To compare energy expenditure (EE) measured by doubly labeled water (DLW) with other measures, both physical and based on subjective questionnaires. Design: A comparison of methods in a stratified sample of adult volunteers. Setting: The feeding behaviour suite (FBS) at the Rowett Research Institute, Aberdeen. Subjects: A total of 59 subjects, stratified for age, sex and body mass index (BMI). Interventions: EE was assessed by DLW (validated using measurements of energy balance), heart rate monitor (HRM), activity monitor (Caltrac), 24-h physical activity diary (PAD) and 7-day physical activity recall. Energy intake was assessed using covert (investigator-weighed) food intake (EI). Data were collected over a 12-day period of residence in the Rowett's FBS. Results: No methods correlated highly with physical activity assessed by DLW. Physical methods correlated more closely than did subjective recording. All methods (except EI) significantly underestimated EE, estimated by DLW. There were no significant differences in association between methods and sex, age, BMI or fat-free mass. Conclusion: EE is difficult to measure precisely or accurately with current approaches but physical methods are slightly better than subjective accounts.
Introduction
Accurate measurement of daily human energy expenditure (EE) is essential for the determination of human energy requirements in health and disease. Furthermore, the measurement of human energy balance provides the quantitative context, in which nutritional requirements can be evaluated in different populations and subgroups. Until the early 1980s, measures of human EE were either subjective (e.g. the factorial method), inaccurate owing to limitations in data storage (e.g. heart rate) or required bulky respirometry equipment that constrained activity.
The application of the doubly labeled water (DLW) technique to humans therefore had major impacts on our understanding of human energy balance (Schoeller and van Santen, 1982; Coward and Prentice, 1985) . The DLW technique has now been used in a wide range of human situations and is now thought to be the most accurate method of determining free-living human EE (Bratteby et al., 1997) . However, owing to the half-life of the isotopes, the DLW method provides an estimate of EE over a period of 10-20 days but it is not capable of discerning day-to-day changes in EE. Consequently, DLW is often used as a gold standard for comparison with other methods of EE assessment such as heart rate, uni-and tri-axial accelerometers, activity diaries and physical activity questionnaires (Westerterp, 1999) .
Many validation studies are performed in small discrete populations, using only one or two other methods (e.g. Rothenberg et al., 1998; Irwin et al., 2001) . A common feature of such studies is the period of comparison for 2 methods is not entirely synchronous, leading to greater uncertainty in comparisons. Published correlations between EE estimated by DLW and other methods can be low and not significant (e.g. Leenders et al., 2001) . This is worrying because we are in need of a cost-effective, precise and accurate estimate of day-to-day EE. There is a need to compare commonly used measures of EE under the controlled conditions of a metabolic facility, in the context of measured energy balance, to determine the current state of the art. This will allow us to identify the next R and D step required to produce a cost-effective measure of day-to-day EE for use in free-living humans.
In the present study total daily EE was measured in a group of 59 adults, stratified for age, sex and body mass index (BMI). Each subject was continually resident in the Rowett's metabolic facility for 14 days. During this time we compared EE, estimated by the DLW method, to estimates of EE from heart rate, uni-axial accelerometry, two subjective questionnaires and measurements of energy intake (EI). EIs were obtained covertly to eliminate potential errors arising from subject mis-reporting.
Methods
Subjects 59 individuals (five males and five females in each combination of three age groups (20-35.9 years, 36-50.9 years and 51-66 years) and two BMI categories (o25 and 425 kg/m 2 )) were recruited by advertisement (Table 1) . During the study they remained within the feeding behaviour suite (FBS) for a 14-day period. Before enrolment on the study, each subject underwent a medical screen and their informed consent was obtained, with the exception of the covert measures of dietary intake which owing to their nature could not be explained to the participants before the study period. All procedures were approved by the Joint Ethical Committee of the Grampian Health Board and the University of Aberdeen.
Study design
This study provided an opportunity to evaluate EE in a tightly controlled laboratory environment during a period of residential stay in the FBS at the Human Nutrition Unit. In this environment each volunteer was provided with an ad libitum selection of food and drink that closely matched their normal dietary habits, as previously determined by a Diet History interview. During their residence subjects were asked to maintain their normal behaviour as much as possible. The study was conducted as part of a larger project to investigate the nature and extent of mis-reporting in dietary studies (Stubbs et al., 2001) .
During the first 2 days subjects were provided with a mandatory maintenance diet designed to match their energy and nutrient requirements (calculated as 1.6 Â resting metabolic rate (RMR) male, 1.5 Â RMR female) and comprised of 35% energy as fat, 55% as carbohydrate and 15% as protein.
During this 2-day period, subjects were habituated to the equipment and questionnaires that they would be required to use throughout the study period (Figure 1 ).
Measurement of EE DLW. DLW provided a gold standard measurement of total EE. During the first 2 days of the study each volunteer provided three (1100, 1300 and 1700 h), 20 ml urine samples per day to permit calculation of background isotopic enrichments. Urine samples were preserved at À201C for later analysis. On day 3, a pre-weighed dose of DLW, calculated to provide 1.5 g H 2
18
OHkg body weight (BW) at O kg BW at 99.7% enrichment was administered orally at 9am after a 15 h fast. The DLW dose was immediately followed by 100 ml of unlabelled (tap) water to ensure complete consumption of the DLW. Subjects abstained from food and drink for a further 2 h before being given ad libitum access to their habitual food and drink items. Throughout the remaining 11 days of the study the volunteers provided a single 20 ml urine sample each day (1100 h).
Urine isotope enrichments were determined using the platinum equilibration technique (Scrimgeour et al., 1993) for 2 H and the CO 2 equilibration technique (Midwood et al., 1992) for 18 O. Isotope turnover rates, water pool sizes and CO 2 production were calculated using the multipoint method (Coward and Cole, 1991) . EE was calculated from CO 2 production using classical respirometry formulae and predicted food quotient (FQ ¼ 0.859; Black et al., 1986) was used in place of RQ, as subjects were in approximate energy balance.
RMR. RMR was measured at the beginning of the study under standardized, thermoneutral conditions by indirect calorimetry (Deltatrac II, MBM-200, Datex Instrumentarium Corporation, Helsinki). Measurements were made early in the morning after an overnight (at least 12 h) fast and before any substantial physical activity or caffeine intake. Volunteers were additionally advised not to take part in strenuous physical activity on the day before the RMR measurement. The Weir (1949) equation was used to calculate RMR.
Calculation of EE from heart rate. Each subject was provided with a heart rate monitor (Polar Sport Tester, Polar Electro Oy, Finland) and a chest band consisting of a sensor/ transmitter and an adjustable elastic belt. Heart rate was averaged over 1 min intervals throughout the waking day and subjects recorded the time at which they started and stopped wearing the HRM each day. Calculation of HRM EE requires collection of a heart rate: VO 2 calibration curve for each individual, during a submaximal fitness test. The fitness test was conducted on each participant, before residence in the Unit on two occasions following the method described in Stubbs et al. (2004) . The average of the two calibration curves was used for calculation of EE. The Flex method was used to estimate daily EE from heart rate (Ceesay et al., 1989 ) and the components of each day's computed EE were summed to provide 12 separate, 24-h EE estimates for each volunteer.
Activity monitor. The Caltrac (Muscle Dynamics Fitness Network, Torrance, USA) is a small uni-axial accelerometer designed to calculate daily EE. Each volunteer was provided with a Caltrac on day 1 and given written and verbal instructions describing how to use it. The Caltrac was worn on a belt or waistband directly over the hip of the nondominant side of the body throughout the waking day. Each Caltrac was programmed by an investigator with the subjects' height (cm), weight (kg), age (years) and sex. The Caltrac subsequently estimated an EE equivalent to RMR during the periods when it was stationary. Periods of normal activity produced changes in the vertical acceleration of the accelerometer that were recorded and added to the calculated RMR. A separate function was available for use during periods of intense activity to record activity-generated EE. Volunteers were instructed on the use of that function. Each morning before the subject awoke, data was downloaded from the Caltrac, the memory was cleared and the Caltrac was made available to the volunteer upon waking. Data were downloaded in calories, converted to MJ and 12 24-h EE values were obtained for each subject.
24-h Physical activity diaries (PAD).
All subjects were required to complete a 24-h activity diary (Bratteby et al., 1997) for each day of the study. Each subject was given a thorough briefing and demonstration of how to complete the activity diary. Briefly, the diary consisted of 24 rows representing the hours in the day, each divided into 15-min segments. A numbered list of activities ranked according to their average energy costs, representing multiples of BMR (Bratteby et al., 1997) , ranging from 1 (sleeping / lying down) to 9 (sports activities and work of very high to maximal intensity e.g. competitive running) accompanied every diary. Subjects were instructed to retrospectively fill in the 15-min periods approximately every hour with numbers from the list that corresponded to their activity level. To minimize confusion an investigator collected the previous days' completed diary each morning and supplied a new one to the subject. The number of 15-min periods of each activity level were summed and multiplied by the appropriate activity level and the estimated BMR of the subject to produce a daily measure of EE (Bratteby et al., 1997) . 
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Seven-day physical activity recall (PAR). The PAR was administered on two occasions (days 8-15) to each subject. A trained investigator asked each subject to recall their physical activity over the preceding 7 days. The subjects' responses were recorded on a custom made form (Anonymous, 1997). A standard interview format was followed, first a record was made of the time that the subject got into and arose out of bed for each of the preceding 7 days, working backwards from that morning. Subjects were then asked to recall periods of physical activity undertaken each day. Records were made only for activities of longer than 10 min in duration. The subject categorized the intensity of each activity as moderate (similar to a brisk walk), very hard (similar to running as fast as possible, i.e. gasping for breath) and medium intensity (somewhere between moderate and high intensity). The investigator recorded the subjects responses and regularly reminded the subject of the different categories of intensity but provided no information regarding dates or times when the subject had exercised. Finally, the subject was asked to recall if they had performed any strength (e.g. weight-lifting) or flexibility (e.g. yoga) activities during the preceding week and the duration of each session was recorded. As for the 24-h PAD, each level of activity was assigned an energy cost (MET) and the weekly total was calculated and related to bodyweight giving an estimate of average daily EE.
Measurement of EI Covertly recorded investigator-weighed food intake (EI).
From day 3 of the study each subject had exclusive ad libitum access to an individual larder stocked with their habitual food and drink items. All food was prepared and eaten by the subjects in the FBS and subjects were unable to consume food or drink other than that provided in their larder. A method of covertly recording food intake (laboratory weighed intake; LWI) was developed and validated using the principles of energy balance (monitoring body weight change and estimation of EE by DLW) and has been described previously (O'Reilly, 2001) . Briefly, when stocking the individual larders the study investigators covertly weighed and recorded (including packaging) every food and drink item. Each morning, before the awakening of the subject, all food and drink items within the larder (including all leftovers and wrappings) were covertly reweighed. This enabled an accurate estimate of the 24-h energy and nutrient intake to be established. Additionally, all areas where food consumption was permitted (including the individual larders) were monitored using video surveillance cameras. The video data were used to qualitatively crosscheck the validity of food intakes obtained using covert weighed intakes. EIs were calculated from the weights of food and drink consumed in each 24-h period using Diet5 for Windows (Univation Ltd, The Robert Gordon University, Aberdeen (Paul and Southgate, 1978) , supplemental updates (Holland et al., 1991) and a number of local foods.
Statistical methods
Variability of methods was expressed by the standard deviation (s.d.) and coefficient of variation (CV ¼ s.d./mean). Between subject-variability was obtained from subject means, and within subject variability by averaging the variability for each subject.
The association between EE measured by different techniques was assessed by comparing correlations (Pearson's product moment) of subject averages. Because all methods will tend to give higher results for heavier subjects, and this is not an informative part of the association, correlations were also calculated between physical activity levels (PAL), defined as EE divided by RMR. If DLW is regarded as a 'gold standard', then the error in assessing EE by other methods can be determined by fitting a linear regression of DLW on the method in question, or a combination of them. BlandAltman diagrams (Bland and Altman, 1986) , which plot the difference between two methods against their mean, were used to investigate patterns in the discrepancy between DLW and the other methods. Statistical analyses used Genstat version 7 (VSN international, Hemel Hempstead, UK).
The ability of different methods, singly or in combination, to predict DLW EE and PAL was assessed by examining the error s.d. and R 2 terms from single and multiple linear regressions. Error s.d. was expressed in absolute terms and relative to the overall mean, that is, a CV.
Results
Characteristics of participating subjects are displayed in Table 1 . Subjects were balanced for age, sex and weight.
Validating DLW as the gold standard estimate of EE When comparing a number of methods to a 'gold standard' it is important to provide some reassurance as to the quality of the standard. In the present study a number of comparisons were made to do this. We compared the estimate of covert daily investigator-weighed intake with EE (assessed using DLW) and change in body weight and composition (Table 2) . Average EI, determined by daily covert measurements was 11.3 MJ/day for the 59 subjects. As might be expected there were significant differences in energy and nutrient intake between males and females (F (1,58) ¼ 8. (Figure 2 ). This plot shows the spread of the differences (EI-EE) against the mean of the two methods. Overall, it can be demonstrated that there was a good spread in the data with no apparent trend. As might be expected there were significant differences in EE between men and women (F (1,58) ¼ 17.78; Pp0.001), with men expending 12.10 MJ/day compared to 9.93 MJ/day for women (sed ¼ 0.514 MJ/day), a 22% difference.
Energy balance. There was also a good agreement between energy balance, estimated from change in body weight and by EI -EE. Overall, mean change in body weight (Table 2) did not differ significantly from zero for men or women (F (1,58) ¼ 0.04; P ¼ 0.841) or lean or overweight individuals (F (1,58) ¼ 2.63; P ¼ 0.111). These data suggest no significant difference between measures of EE and covert measures of intake over 12 days. These estimates of energy balance corresponded very well with the lack of change in body weight. The estimate of EE using DLW was thus deemed reliable in this study.
Comparing the gold standard with other estimates of EE Overall comparison of EE assessed by different methods. Table 3 shows the average daily EE in absolute terms and as a multiple of RMR (physical activity level (PAL)). In the present study, subjects consumed foods ad libitum and were on average in energy balance over the duration of the study (see above). Thus the measure of EI provided a good estimate of energy requirements (Tables 2 and 3 ). Excepting the covert measures of EI, all methods used to estimate EE produced significantly lower values of EE and physical activity level (PAL) than DLW (Table 3 ). The discrepancy between DLW and other measures of EE ranged from À8% (heart rate) to À15% (PAR). Despite the relatively sedentary environment, large within subject day-to-day variation was noted for all EE methods, with daily variation being least for the PAD (11.2%) and most for Caltrac (19.3%; Table 3 ). When the CVs of all estimates of EI and EE are considered together, excluding the PAR they suggest that energy requirements may vary, within subjects by 18-20% on a day-to-day basis.
Correlations between the different methods of measuring EE are shown in Table 4 , and correlations for EE, expressed as a multiple of RMR are shown in Table 5 . It can be seen from Table 4 that almost all measures have a correlation coefficient of approximately 0.6, when compared to DLW. However, the dependence of this value on RMR is illustrated by the much weaker correlations in Table 5 , which show EE as a multiple of RMR. Dividing EE by RMR removes the effects of body size and is more reflective of levels of physical activity. When EE is expressed as a multiple of RMR the strongest correlation with DLW was found using the Caltrac accelerometer, although even with this, the correlation was only 0.43.
The two subjective methods, which required subjects to assess their own activity (PAD and PAR), exhibited the lowest correlations (0.09 and 0.28 respectively). All methods, apart from EI, underestimate physical activity compared with DLW. Bland-Altman analyses of physical activity measured by DLW and the other methods used (Caltrac, HRM, PAD and PAR) revealed no trends in the difference between DLW and any of the other methods (Figure 3a-d) . Table 6 . Using separate prediction equations for males and females, and including age, did not improve the ability of the EE measurements to predict EE estimated by DLW. When assessed on an individual basis, none of the studied EE methods were capable of predicting EE with a high degree of accuracy. Heart rate monitoring provided the closest estimation of DLW EE; however, even in this case, the R 2 value reached only 41% (Table 6 ). Use of a combination of all measurement techniques to predict DLW EE resulted in a slight decrease in error (to 1.5 MJ) and a slight but unsubstantial increase in predictive power (R 2 ¼ 65%). Using the same data to predict EE as a multiple of RMR highlighted Abbreviations: Caltrac, EE estimated by activity monitor; DLW, doubly labelled water recorded EE; EI, energy intake recorded covertly by investigators; EID, energy intake recorded by subjects; HRM, EE estimated by heart rate monitor; PAD, EE estimated from daily physical activity diary; PAR, EE estimated from 7-day physical activity recall. RMR was estimated from a period of indirect calorimetry. CV (%) indicates the within subject day-to-day variation in the measured variable. This could not be evaluated for DLW and PAR as daily values are derived from measurements taken over longer periods. P-value indicates the level of statistical difference between each technique and DLW, NS indicates P40.05. Abbreviations: Caltrac, EE estimated by activity monitor; DLW, doubly labelled water recorded EE; EI, energy intake recorded covertly by investigators; EID, energy intake recorded by subjects; HRM, EE estimated by heart rate monitor; PAD, EE estimated from daily physical activity diary; PAR, EE estimated from 7-day physical activity recall; RMR, resting metabolic rate.
Ability of different methods to predict EE. The ability of the different methods to predict EE (as estimated by DLW) is
Mean daily values were used. The 5, 1 and 0.1% significance levels for correlations derived from 59 subjects occur at 0.256, 0.333 and 0.418 respectively. Abbreviations: Caltrac, EE estimated by activity monitor; DLW, doubly labelled water recorded EE; EI, energy intake recorded covertly by investigators; EID, energy intake recorded by subjects; HRM, EE estimated by heart rate monitor; PAD, EE estimated from daily physical activity diary; PAR, EE estimated from 7-day physical activity recall; PAL ¼ EE/RMR. Mean daily values were used. The 5, 1 and 0.1% significance levels for correlations derived from 59 subjects occur at 0.256, 0.333 and 0.418 respectively.
even greater uncertainty (Table 6 ). When all measures were used in the predictive equation an R 2 of 60% was achieved.
However, no single factor was especially useful for the prediction of PAL (R 2 values ranged from 0 to 21%, Table 6 ).
The effect of subject characteristics on the ability of a technique to predict EE was also evaluated. The extent of discrepancy was not affected by sex, age or fat-free mass. However, when EE was estimated by HRM the discrepancy in EE measured by heart rate versus DLW was positively correlated with BMI (Po0.004; Figure 4 ). In short, use of HRM tends to overestimate EE estimated by DLW in subjects with a higher BMI.
Discussion
DLW as a gold standard measure of EE The present study was unique in that it provided a simultaneous comparison of several means of estimating energy requirements, in the context of energy balance. Subjects stayed in the Rowett Human Nutrition Unit's residential facility for the duration of the study enabling EI, expenditure and balance to be monitored daily. On average subjects were in energy balance. All measurement techniques were simultaneously applied throughout the whole of the 12-day study and so could be compared in real Abbreviations: Caltrac, EE estimated by activity monitor; DLW, doubly labelled water recorded EE; HRM, EE estimated by heart rate monitor; PAD, EE estimated from daily physical activity diary; PAR, EE estimated from 7-day physical activity recall.
Comparison of energy expenditure methods Z Fuller et al time. The subjects were stratified for age, sex and BMI in a balanced manner so that these traits would not bias the results. The simultaneous comparison of two or more quantitative techniques is often termed 'concurrent validation'. Generally, a less trusted technique is compared to a gold standard. In this study the gold standard was taken as EE measured using DLW. We are confident in using DLW as a gold standard in this study because covert measures of intake almost exactly matched those of expenditure for the group (Figure 2 ). Both of these measures corresponded well with the lack of body weight change to confirm that subjects were in approximate energy balance.
Comparison of other measures of EE with the gold standard
The initial comparisons of a variety of EE measurements with the gold standard are ostensibly encouraging as differences between each technique and the DLW value ranged from À8% (HRM) to À15% (PAR). However, with the exception of covertly measured EI all techniques significantly underpredicted EE, relative to DLW. Although many authors have used this level of correspondence between techniques as evidence of their validity (Racette et al., 1995; Davidson et al., 1997; Rothenberg et al., 1998) , we have reason to believe that under relatively sedentary conditions at least this is not the case. All that such comparisons really show is the dependence of EE estimates on RMR.
Comparison of other measures of PAL with the gold standard When the EE value was divided by RMR to predict PAL, correlations between the methods were reduced further. In the case of the activity diaries and recalls, their performance was so weak that the methods as used can be considered of negligible value. The best correlations occurred between estimates of EE using heart rate and DLW, and even these were much reduced when using RMR as a common denominator. The reason for the poor correspondence between measures of physical activity is because under relatively sedentary conditions RMR is the largest fraction of daily EE. As noted by Westerterp (1999) , studies to compare DLW and HRM did not present correlations between PAL derived from each method. Therefore, pub- Abbreviations: BMI, body mass index; (kg/m 2 ); Caltrac, EE estimated by activity monitor; DLW, doubly labelled water recorded EE; EI, energy intake recorded covertly by investigators; EID, energy intake recorded by subjects; FFM, fat-free mass (kg); HRM, EE estimated by heart rate monitor; PAD, EE estimated from daily physical activity diary; PAR, EE estimated from 7-day physical activity recall.
lished relationships between HRM and DLW could not be thoroughly examined and compared to our value of 0.36.
In the current study, the Caltrac provided the strongest indicator of physical activity estimates by DLW; however the correlation between the two methods (R ¼ 0.43) was disappointing. Use of the Caltrac to estimate EE resulted in an underestimate of 1.6 MJ/day or 14% and as such performed better than only one other method, the PAR. Furthermore, large day-to-day variations in Caltrac data were observed even in this relatively constant laboratory environment. Published data indicate similar patterns in free-living subjects. The Caltrac significantly underestimated (by 50-55%) daily physical activity EE when compared to DLW for older (B66 years) men and women (Starling et al., 1999) . Similarly, Westerterp (1999) in an assessment of a variety of studies found that the Caltrac was not a meaningful predictor of physical activity.
Alarmingly, despite the low correlations between Caltrac (and similar activity monitors) and DLW, Caltrac is being used as a validation instrument for less rigorous techniques (e.g. De Abajo et al., 2001; Richardson et al., 2001; Eisenmann et al., 2002) . It has been concluded that subjectively collected data (e.g. PAR, Godin Leisure-Time Exercise Questionnaire) provide accurate assessments of EE, even after best correlations of only r ¼ 0.54 in men (Richardson et al., 2001) or r ¼ 0.50 in children, when compared to the Caltrac (Eisenmann et al., 2002) .
Objective versus subjective measures of EE and physical activity The usefulness of most objective physical EE techniques is limited in large studies because of the expense and timeconsuming nature of the methods (Staten et al., 2001) . Activity questionnaires and records provide an alternative way to assess EE or physical activity with the advantages of low cost, ease of administration and calculation and requiring minimal subject time and cooperation (Racette et al., 1995) . Correspondingly these are often the methods of choice for large-scale epidemiological studies. However, the data from the present laboratory study questions their use as quantitative tools. The correlations between these questionnaires and DLW EE were promising at R of approximately 0.6, this was almost entirely dependent on the estimate of RMR used in the calculation of EE from the questionnaires. When the contribution of RMR was removed from the EE data it was evident that both questionnaires were poorly correlated with the PAL estimate from DLW. This is especially disappointing as the questionnaires are designed specifically to measure physical activity.
Future developments
It appears clear from the data presented in the present paper that many of the measures of EE in use are only approximate in their precision, accuracy or both. There is some evidence that objective methods are closer to the gold standard than subjective methods. Physiological methods such as heart rate and physical methods such as accelerometry showed some initial promise, but are heavily dependent on knowledge of a subject's RMR. It is clear that we need greater measures of physical activity and of physical inactivity that can be related to EE. Only by combining these approaches will it be possible to relate recommendations on energy requirements and expenditure to actual measures of these phenomena in the field. At the present time we believe that combination of heart rate and position sensing or accelerometry may allow us to fill the unmeasured void between RMR and total daily EE, at the individual level in humans.
